1
various phenomenological models for cell size regulation have been proposed, recent 2 work in bacteria have demonstrated an adder mechanism, in which a cell increments 3 its size by a constant amount between each division. However, the coupling between 4 cell size, shape and constriction, remain poorly understood. Here, we investigate size 5 control and the cell cycle dependence of bacterial growth, using multigenerational cell 6 growth and shape data for single Caulobacter crescentus cells. Our analysis reveals 7 a biphasic growth mechanism: a relative timer phase before constriction where cell 8 growth is correlated to its initial size, followed by a pure adder phase during constric-9 tion. Cell wall labeling measurements reinforce this biphasic behavior: a crossover 10 from uniform lateral growth to localized septal growth is observed. We develop a 11 mathematical model that quantitatively explains this mixer mechanism for size con-12 trol.
14
We recently introduced a technology that enables obtaining unprecedented amounts of precise include cell division at a critical size (sizer model) [10] or at a constant interdivision time (timer 24 model) [1] . Analysis of single-cell data show that cell size at division is positively correlated with 25 the cell size at birth [1, 4, 5, 11, 12] , thus precluding a sizer model. In addition, a negative corre-26 lation between initial cell size and interdivision times, as reported here and in refs [1, 4, 5 
40
Here we transcend our previous works by relating the mechanism of cell size control and cell wall 41 growth to the timing of cell-wall constriction in C. crescentus cells. Our experimental data and 42 analysis reveal that C. crescentus cell growth is correlated to its initial size prior to constriction 43 (a relative timer mechanism), and adds a constant size during cell-wall constriction leading to the 44 formation of daughter cell poles (an adder mechanism). Furthermore, the onset of constriction 45 occurs at a fixed phase of the cell cycle, but is uncorrelated to the cell size at birth. We term 46 this biphasic size regulation behavior a mixer mechanism for cell size control, and we find it to be 
54

RESULTS
55
We use a combination of microfluidics and phase-contrast microscopy for high-throughput, live- conditions. From the splined cell contours of the acquired phase-contrast images (Fig. 1A) , we 61 determine various cell shape parameters, such as the length of the cell midline axis (l), the width 62 of the cell, and also the radius of curvature of the midline. As reported previously, the length shows the conditional probability density of size extension ∆l given the mean rescaled initial cell length, size.
68
Mixer model of cell size control. We first analyzed the correlation between cell size at birth, 
78
In agreement with previous reports [4], we find the interdivision times, τ , to be negatively correlated . We note that the probability densities for κτ are well-approximated by a Gaussian, indicating that the intergenerational noise may be additive in 87 κτ , which is consistent with the log-normal distributions of the additive size [7] .
88
Our experiments thus suggest that C. crescentus cells behave as a mixer, with both timer and 89 adder components. Furthermore, we find that this mixer mechanism is conserved in the tempera- adder, which suggests that adder-like behavior may be elicited by experimental conditions. For C.
92
crescentus, 37 • C is the extreme upper limit for viable cell growth. view. Fig. 2A shows that the fluorescence intensity is spatially uniform prior to constriction (i.e.,
104
for samples at t < 50 min), but the flWGA intensity patterns exhibit a pronounced minimum at 105 the septum where the cell-wall is invaginated (t > 50 min). In Fig. 2A we present deconvolution 106 processed images obtained using the commercial Huygens software (see Supplementary Methods).
107
The deconvoluted single cell images clearly show the diminished flWGA label in the septal region. ior, with an initial period of slow constriction followed by a phase of fast constriction ( Figure 3A ).
131
We determine the crossover time, t c , by fitting piecewise exponential curves to the initial and the 132 later phases of decay in w min (t) (Supplementary Methods and Figures 5A,B) . We estimate the onset 133 of constriction by t c , which has a mean value t c = 47 ± 7 min at 31 • C (Supplementary Figure 5C ).
134
The data for w min across cell lineages collapse to a master crossover curve when time is normalized 135 by interdivision times (Fig. 3B ), indicating that a single timescale governs constriction initiation.
136
This crossover dynamic is observed in the analogous data obtained at other temperatures of the 137 medium (Supplementary Figure 6) ; we find that t c increases in proportion to τ and κ −1 as the independent of initial cell length. Indeed our data show that t c /τ is uncorrelated with the initial 142 cell size (Fig. 3D, red cloud) , whereas the cell length at t = t c increased in proportion to the 143 initial length, l(t c ) = 1.25 l(0) + 0.43 (Fig. 3E, red cloud) . By analyzing our shape data at other 
[μ�] Pure adder phase during cell wall constriction. While the time to the onset of cell wall 147 constriction is uncorrelated with cell size, the added size in the constriction phase, δ = l(τ ) − l(t c ),
148
also showed no correlation with l(t c ) (Fig. 3E, blue cloud) . This suggests a pure adder mechanism 149 of cell size control for t c < t < τ , such that the distribution of the added size is independent of 150 8 the initial cell length. This adder behavior is indeed confirmed by the collapse of the conditional 151 distributions of the added size P (δ |l(0) ) to a single curve, characterized by a log-normal dis-152 tribution (Fig. 3F) [7] . Furthermore, the time to divide since t c shows negative correlation with Figures 9 C,D) . Since constricting 157 cells primarily grow from the septum (Fig. 2) , the added size in the constriction phase is expected 158 to be proportional to the width of the septal plane. Consistent with the model of septal growth,
159
we find that δ is positively correlated with w min (t c ) (Supplementary Fig. 10A ).
161
Model for constriction driven by septal growth describes the crossover dynamics. To 162 examine whether septal cell wall synthesis in exponentially elongating cells (Fig. 2) can reproduce 163 the observed crossover dynamics of constriction (Fig. 3) , we consider a quantitative model for cell 
171 where v 0 is the speed of septum synthesis at t = 0, which we determine by fitting our model to the data for w min (t). The solution to Eq. (2) can then be used to derive the time-dependence of w min (t) = w 2 − l s (t) 2 . Using the initial condition, l s (0) = 0, we derive a simple relation
between the rescaled width and the rescaled time variable (κt), where l 0 = v 0 κ −1 . The dynamics 172 of constriction are then solely controlled by the dimensionless parameter l 0 /w min (0), and exhibits 173 a crossover point (Fig. 4B) , which we determine analytically following the procedure in This implies that t c is regulated by the longitudinal growth rate κ, which is consistent with the 178 observed positive correlation between t c and κ −1 (Fig. 4C) .
179
Another prediction of the constriction model is that the interdivision times increase with 
184
where, ∆w min = w min (0) 2 − w min (τ ) 2 . Thus, the interdivision time is predicted to be larger for 185 cells with larger septum width, ∆w min . We find a positive correlation in our data between κτ 186 and w min (0)/l 0 , and the mean trend in our data is in good quantitative agreement with our model 187 with no fitting parameters (Fig. 4D) . Furthermore, Eqs. (1) Figure 10B) .
190
In summary, the septal growth model allows us to derive two key conclusions, supported by our 191 data. First, the time to the onset of constriction (t c ) is controlled by the growth rate (κ). Second,
192
the interdivision times are larger for cells with larger initial septal width.
193
DISCUSSION
194
The adder phase of cell-wall growth (t > t c ) coupled with relative size thresholding prior to 
